We report here a search of data recorded by the Buckland Park air shower array from the first year after the supernova and set an upper limit to the proton luminosity of SN1987A of 7.7 x 10 40 ergs s"
Introduction
The source of ultra-high-energy cosmic ray particles is unkown and the search for this source has been an underlying theme of much of cosmic ray research for over half a century. A particularly favoured potential source over the years has been supernovae (eg. Colgate and White 1963) . Supernova 1987A has given us a unique opportunity to test for supernova acceleration of particles to energies above ~ 10 15 eV since the accelerated cosmic rays should interact with local supernova material in the shell to produce ultra-high-energy (UHE) gamma-rays which should then be detectable with air shower arrays. The Buckland Park array was operating in February 1987 when the supernova was first observed (Bird et al. 1987) and routine observations have been made of the direction of SN1987A since that time. Buckland Park has been the only southern array available for observing Magellanic Clouds declinations for the full period since the outburst but, recently, a purpose built system (the JANZOS array, Bond et al. 1988a) has been commissioned which is now more suited than ours to continue the search. We report here results of our search over the first full year since the detection of SN1987A.
Observations
The Buckland Park array is a sea-level based scintillator array designed to operate in the primary cosmic ray energy range from ~ 10 14 eV to 10 16 eV. The array operation has been described in detail elsewhere (Crouch et al. 1981 , Ciampa et al. 1986 . A form of the relationship between collecting area and primary gamma-ray energy for the array in the mode of operation for the supernova search has been given by . Primary particle arrival directions were determined by fast timing of the shower front over a subset (24) of the array detectors and the angular resolution determined from studies of the consistency of fitting a plane shower front to the detector times in pairs of sub-arrays is ~ 1°. However, if proper allowance is made for the possibility of shower front curvature, the angular uncertainty of a given event will be -2°. The JANZOS array, which has a larger physical extent for its fast timing system, would be expected to be somewhat poorer than this when no allowance is made in the data analysis procedure for shower front curvature since the effect of curvature on resolution becomes greater with increasing core distance.
The Buckland Park array operates continuously. However, routine system checks at intervals of about 4 days and system breakdowns have limited the available observing time. A serious computer malfunction and subsequent intermittent failures caused some significant gaps in the data train late in 1987. Table  1 shows the number of events detected from the direction of SN1987A at monthly intervals together with the number expected on the basis of 23 otherwise similar areas of sky at the same declination but spaced at l h intervals in right ascension. Clearly, there is no evidence for an overall excess of events from the supernova in its first year since the event.
It is possible that there might be some emission in the form of bursts. We have examined the number of events detected on each day of the year and have found no evidence for any deviation from the distribution expected on the basis of Poisson statistics given the number of days of observation. An accompanying paper describes the events detected on January 15, 1988, when a burst at TeV energies may have been detected by the JANZOS group (Bond et al. 1988b ).
Discussion UHE gamma-rays may be produced in supernovae by accelerated cosmic rays when a suitable target is available. The proton interaction mean free path is ~ lOOg cm" 2 and the photon mean free path is somewhat less. In such a scenario, one might expect a peak in the flux of UHE gamma-rays when the shell is of about this depth so that gamma-rays may be produced and yet still have a high probability of transmission through the shell. The gamma-rays would then be observable for only a limited time span. The likely time and duration of the emission period are probably of the order of a few months (Berezinsky and Prilutsky 1978; Sato 1977 ). Our period of observation then covers the likely optimum time for observing UHE gamma-rays.
As discussed in a previous paper ) the array response to gamma-rays from the distance of the Magellanic Clouds is significantly affected by the nature of gamma-ray interactions with the microwave background (Protheroe 1986 ). The gamma-rays may initiate cascading as suggested by Protheroe (1986) or may simply be absorbed through the process of pair production in the microwave background. This absorption would produce a feature which is deepest between 10 15 eV and 10 16 eV. As a result, the array would preferentially be sensitive to gamma-rays from SN1987A with energies below -10 15 eV and above 10 16 eV. In order to estimate a source luminosity corresponding to our upper limit to UHE gamma-ray events shown in Table 1 , it is necessary to have a model which includes a source proton spectrum corresponding to a given source luminosity and makes due allowance for interactions with the microwave background. Such models have been given by Gaisser et al. (1987) and by Storey et al. (1987) and resulting upper limits to the luminosity based on these models are given in Table 2 . The model spectra differ particularly from the point of view of the Buckland Park array because the source proton spectrum assumed by Gaisser et al. is truncated above 10 17 eV leading to essentially no observable gamma-ray events above 10 I5 eV whereas the Storey et al. spectrum continues indefinitely (but steeply) with energy and events above 10 16 eV would remain to be detected. The result is that for Buckland Park, which is particularly sensitive at energies above the absorption minimum, there is a large difference between the two models.
The JANZOS collaboration (Bond et al. 1988a) has obtained an upper limit to the proton luminosity of SN1987A of 2.6xl0 3 9 -1.4xl0 4 0 erges s" 1 since October 1987. This is appreciably below our upper limits due to the intentional geographical advantages of the JANZOS array, high altitude and high southern latitude. However, since, like our own system, the current data analysis procedure of the JANZOS array includes no allowance for shower front curvature, the JANZOS Table 2 Predicted gamma-ray events and upper limits to the source proton luminosity for SN1987A. The predicted numbers of gamma-ray events for Gaisser et al. 1987 are for a proton luminosity of 10 40 ergs s" angular resolution applied in the calculation of the upper limit is probably considerably optimistic. This would have resulted in underestimates of their upper limits to the proton luminosity.
Note on the Allowance for Shower Front Curvature
In order to determine an accurate direction with an air shower array, it is necessary to make allowance for the curvature of the shower front when fitting fast-timing detector triggering times. In order to do this, the core position of the shower must be well known and this is only possible for showers falling within the physical confines of the array. One might ask whether it is better to accept all events triggering the array to take advantage of the larger collecting area outside the array or to limit events to the array dimensions to obtain better directions. For a spherical shower front, the angular error in neglecting curvature is roughly proportional to the distance of the measured densities from the shower core (the distance the shower fell from the centre of the array) so that the noise level (^background) will also be proportional to this distance. The total signal will be the number of detected gamma-ray events and will be roughly proportional to the area enclosed by the array triggering limits for a given shower size. As a result, for a given array with dimensions which are small compared to the triggering limits of a shower, it is probably better to neglect shower front curvature and benefit from the extra accepted events which increase in number with triggering distance squared. This would apply to the Buckland Park system if a search was to be made for events with energies above the microwave absorption feature. At energies below the absorption dip where events are mainly detected within the array bounds, it would be better to analyse all events. This would apply particularly to the JANZOS array.
Conclusion
In the first year after the explosion of SN1987A we have been able to set an upper limit to the proton luminosity of the source of 7.7 x 10 40 erges s" 1 (or 2.6 x 10 40 erges s" 1 with cascading in the microwave background).
